A manual Mycobacterium avium subspecies paratuberculosis antibody enzyme linked immunosorbent assay (ELISA) (IDEXX Inc.) was fully automated using an automation workstation system (AWS). The IDEXX commercial kit is used to screen for exposure to the Johne's disease (JD) bacterium in cattle on a herd basis. Due to the large number of sera involved in this type of surveillance project, there is a need to increase the cost effectiveness and decrease the turn around time. The purpose of the work was to develop an automated ELISA (a-ELISA) for JD antibodies screening and examine the productivity advantages, quality assured performance characteristics, the laboratory information management (LIM) work, and the multitasking provisions under this format.
INTRODUCTION
Johne's disease (JD) is a chronic infectious enteric disease of ruminants caused by Mycobacterium avium subsp. paratuberculosis (MAP) and is distributed worldwide. This has been a production limiting and economic impact disease for the dairy and beef industries.
1e3 MAP as a zoonotic agent has been proposed. 4 No relationship to human Crohn's disease has been demonstrated after more than a decade of research. 5 In North America, the JD seroprevalence rates in both beef and dairy cattle have been reported. 6, 7 Commercial manual enzyme linked immunosorbent assays (ELISA) are available for detection of JD antibodies. In any disease surveillance project, the laboratory results are required to be disseminated within a preset time line after collection of the samples. In the event of a large-scale project, the rapid turn around time and high-throughput screening (HTS) requirements necessitate the automation of these immunoassays. Furthermore, the automated immunoassay developed for HTS must be validated using a quality assured and accepted standard. In order for any survey results generated to be recognized by our trading partners in North America and internationally, we have validated this test protocol based on the requirements of the ISO/IEC 17025 standard. These measures will assure reliability of our surveillance data.
In this article, we have described our use of robotic liquidhandling workstations integrated with other peripheral equipment to fully automate a commercial ELISA for HTS of bovine antibodies to MAP. The work was based on previous experience we have in automating ELISAs used in HTS of different animal pathogens. 8, 9 This automated ELISA (a-ELISA) is a reliable, cost-effective screening tool for any large-scale seroprevalence study for JD.
Since 2001, we have maintained this a-ELISA test scope ISO 17025 accreditation from the Standard Council of Canada (SCC). This test scope can be found in the organization's Scope of Accreditation at the SCC website http:// palcan.scc.ca. Our laboratory has also successfully completed the National Veterinary Services Laboratories (NVSL) annual JD serologic proficiency test and has been certified by United States Department of Agriculture (USDA) to perform this JD ELISA since 1998. The list can be located in its website, http://www.aphis.usda.gov/vs/ nvsl/. Because USA has been one of Canada's most important trading partners, we would like to maintain this certification and have this test recognized by the US stakeholders.
MATERIALS AND METHODS

Automated System Design
Liquid-Handling Robotic Workstation. A Biomek FX hybrid double arm unit has been selected. It consists of a base unit set in a level position. On this base (the X, Y Platform), where the X-axis is longer than the Y-axis, a variety of automated labware positioners (ALPs) can be placed. There are two types of ALPs used: (a) the active ALP, such as a shaker for microplate mixing and (b) the passive ALP, used to hold test tube racks, microplates, reservoirs, and micropipette tip boxes. The next component of the workstation is the towers that house the various connectors for power, vacuum (a total of eight pump units were included), and air. The third part includes the moving bridge, controlling the x, y, and z axes movement of the pods. A double hybrid unit consists of two bridges/arms that carry different pods (heads):a 96-channel pipetting head and a span-8 individual pipetting head (Fig. 1) . Figure 1 . Biomek FX workstation.
Stackers and Transfer Station. A Kendro Cytomat 6000 microplate hotel has been selected to integrate with the automation workstation. The stackers for microplates, deep well microplates, and reservoirs are housed within the transfer station. This setup allows us to perform our HTS assay. The unit is designed for integration applications in a computer-controlled environment. The unit is placed on one side of the Biomek FX workstation. The hotel has a device-integrate Plate Shuttle System (PSS) to allow automated selective access to the microplates and reservoirs housed on the stackers inside the transfer station. During our procedures the necessary labwares can be retrieved from the hotel and delivered to the X, Y Platform via the PSS. The spent tips and used plates are returned there for storage before discard.
ELISA Reader. A Molecular Devices Spectramax 340PC 384 microplate spectrophotometer has been included. It is integrated onto the X, Y Platform on the same side as the Kendro Cytomat 6000 microplate hotel. It provides rapid and sensitive measurements of a variety of analytes. The optical density (O.D.) of samples in both 96-and 384-well microplates can be measured at a selected wavelength.
Microplate Washer. A Biotek ELx405 microplate washer is integrated on the X, Y Platform close to the eight pump units attached to the tower. It is a programmable microplate washer for 96-or 384-well setup. It has slanted dispense tubes, the control of dispense and aspiration rates and unique x, y, z positioning can also be easily adjusted through the computer program (SAMI software program).
Axis 2130 PTZ Network Camera. To monitor the workstation remotely, a network camera is positioned on the Biomek FX platform. It has sharp and responsive pan/tilt movement, auto focus control, and powerful optical zoom. The video image can be viewed in a standard web browser and the direction, focus, and zoom of this camera can be easily adjusted through the network.
The four pieces of equipment, robotic workstation, transfer station, ELISA reader, and microplate washer operate on different software programs and communication between them is made possible by the Beckman-Coulter SAMI software integration and method editor. This SAMI software also allows us to schedule and run multiple tests, thus greatly improving our throughput and walk away time (WAT). All the robotic functions are controlled externally by, and the automation programming performed with, an IBM Pentium IV microcomputer using the Windows NT (Microsoft Corp., Redmond, Washington) operating system. The technologist does not have to be in close proximity to the workstation once the test has started. This constitutes a fully automated setup. The system is compact and enables the AWS to be contained in one custom made Level 2 biosafety cabinet. This ensures the containment of any infectious materials and pathogenic organisms generated during the test. O.D. reading: the reaction plate is moved to the Spectramax ELISA plate reader to read at 650 nm. According to the manufacturer's recommendation, serum with S/P (Sample A (650)ÀNCx)/(PCxÀNCx) ratio greater than or equal to 0.25 is considered to be positive and S/P less than 0.25 is considered to be negative. All of the above procedures are integrated using the SAMI programming. As shown in the diagram, each step is represented by a specific icon and linked together to achieve the completed JD ELISA protocol (Fig. 2) .
Although the ELISA test procedures are controlled by the automated workstation, there are several critical control points that require attention for optimal performance. (1) . The samples cannot be tested if they were badly haemolyzed and/or contaminated to the point where particulate matter is apparent. (2) . The reagents of the kit should be checked to ensure that all components are from the same lot and that they are not expired. (3) . The laboratory temperature requires continuous monitoring to ensure that the test is carried out at the specified room temperature (18e25 C). It is monitored by a radio frequency identification data logger system in our laboratory. (4) . The workstation pipette (96 pod and span 8) and microplate washer require volume calibration annually to ensure that the correct volume is being dispensed. (5) . Microplate reader requires annual calibration to ensure accurate reading of the sample O.D.
Proficiency Samples
Quality control serum panels are received from NVSL/ USDA each year. Each set consists of 25 uniquely labeled bovine sera. A specific lot is provided for reporting purposes. All ELISA data, the scoring, and the O.D. values of all test samples are sent back to NVSL. The ELISA data from the participating laboratories are evaluated and statistically compared. From 1997 to 2003, a passing mark of at least 92% accuracy has been set by NVSL. The participating laboratories are notified if they are certified to use the ELISA to perform JD antibodies tests. In 2005, the grading criteria were changed from previous years. In order for a laboratory to pass the proficiency panel test according to the new grading system, all qualitative samples (n ¼ 15) have to be correctly identified as either positive or negative, and a minimum of 90% of the quantitative samples (n ¼ 10) have to be within range.
Test Validation
Validation steps for the a-ELISA protocols have been described previously. 10 In our laboratory we are mandated to validate according to the requirements of the ISO/IEC 17025 standard. 11 The test results are validated initially by using Molecular Devices Softmax Pro v.4.3.1 software. The validation formulas are written based on the test kit manufacturer's assay validation criteria. Furthermore, we have used a testspecific validation database of past test results of the positive and negative sera from NVSL, a reference laboratory. The validation criteria examined include reproducibility, repeatability, cutoff value determination, kappa value, identity score, O.D. values consistency of the positive and negative serum controls, test sensitivity and specificity, positive and negative predictive values, and analyst testing proficiency. 12 
RESULTS
The IDEXX commercial ELISA kit can be automated using the liquid-handling workstation together with other peripheral equipment. This requires scheduling of the different ELISA steps using the SAMI software (Fig. 2) . It is a userfriendly method. Specific icons denoting different functions or steps involving different pieces of equipment are incorporated into one program specific for the JD protocol. These constitute a fully automated enzyme immunoassay screening for JD antibodies in bovine serum.
Reproducibility and Repeatability
Each year, a proficiency test serum panel of unknown samples is obtained from NVSL, its annual JD serologic check test. Using the automated IDEXX ELISA, in the last eight annual check tests, the identity score for the ELISA ranged from 92 to 100%, with an average of 97.99%. This is reflected in a high-averaged kappa quotient value of 0.95. Out of the 199 tests compared, a total of four mismatched results were observed. These data represent a high degree of reproducibility for the a-ELISA, using the commercial ELISA kits (Table 1) .
Sensitivity, Specificity, and Predictive Values
Test sensitivity, specificity, and positive and negative predictive values were evaluated ( value296.67%. These numbers, all O95%, represented that the a-ELISA is an accurate and precise assay, and can be used in large-scale surveillance project to determine prevalence rate of JD in a cattle population. The best positive/negative cutoff value was determined to be identical to that recommended by the manufacturer.
ISO17025 Accreditation
To receive ISO/IEC 17025 accreditation for the a-ELISA test scope, test validation procedures mentioned above have been conducted. Furthermore in-house, analyst proficiency tests and external proficiency tests were maintained. Other measures adopted were standardized document control procedure, scheduled equipment certification and maintenance, continuation of supplier survey, establishing biological and chemical safety protocols, standard operating procedure development, assay critical control points determination, unit value measurement assessment, HTS evaluation, developing electronic laboratory information management system for accurate and timely reporting, creating client survey/ complaint protocols, and manager review processes. External audits for ISO 17025 accreditation of this test scope were conducted every 2 years by SCC.
Test Capacity and Throughput
Using the IDEXX JD manual ELISA procedure, one technologist screened 180 samples each day. Using the fully automated method, 360 screening tests were completed in each run. The time to carry out the three ELISA runs was 6.5 h, or a total of daily screening throughput of 1080 tests (Table 2 ). There was extra preparation time required, which included transferring the serum from the sample tubes to the deep well plates and then to the test plates, adding of positive and negative controls to the test plates, and positioning the reservoirs on the platform for the various reagents. This added up to around 2 h for three test runs. The turn around time for screening 1080 tests using the fully a-ELISA was around 8.5 h.
Cost Recovery
In our laboratory, a clear economic benefit is realized when comparing the automated assay versus the manual method. In scenario 1, to match the automated procedure test capacity, four more technologists would have to be hired and trained, at the cost of an extra $200,000 Canadian annually (Table 3) . On the other hand, if these extra tests were contracted out at approximately $6.00 Canadian each (counting only labor cost, and with reagent and consumable costs excluded), a cost of an additional 1.5 million dollars annually would be the result. The complete AWS described above cost the laboratory less than 1/2 million dollars. Depending on the workload, the cost recovery for the robotic workstation and its peripheral equipment ranges from less than 6 months to 1 1 ⁄ 2 years. The outcome depends on the number of tests run annually, the higher the number the sooner the capital equipment cost can be recovered.
WAT and Multitasking
In setting up this a-ELISA, the technologist has to spend time in positioning the various plates, tubes, and reservoirs, plus adding positive and negative controls and different reagents during the course of the test. Because the substrate solution is light sensitive, the technologist has to add the reagent to the reservoir a short time before its transferal to each test plate. The rest of the time during the assay, the technologist is freed to multitask and carry out other duties, such as specimen receiving, cleanup, ordering, inventory control, literature search, and method development. Under a less stressful environment there is a decrease of accident and injury to the technologist and a noticeable increase in laboratory productivity. This fully a-ELISA enables uninterrupted screening and eliminates breakdown of the testing schedule due to human fatigue and sickness. Based on an 8-h shift in a working day, the estimated unit value (in minutes) was calculated to be 2.83 (roughly equals to 3 min) and 0.47 (roughly equals to 45 s) for the manual test and automated test, respectively (Table 3) . 
Labor Requirement and Cost
On a yearly basis, the laboratory screening output showed a great difference. Because the robotic workstation can be working almost every day of the week, an estimated five technologists would have to be hired and trained to match the machine capability. The salary cost and compensation expenditure in 1 year for these additional staff was higher than the cost of the workstation (around CAD 250,000). The labor cost for one manual ELISA was around CAD5.55
and for the automated test it was CAD 0.19, a 30 times saving (Table 3) .
Project Planning
Comparing a manual and an automated test, in a surveillance project scheduled for 5000 to 15,000 tests, there is a marked increase in the number of projects that an automated protocol can be used in (Table 4) . With one technologist using the manual ELISA, three to nine projects a year are achievable. Using the automated method he/she is able to carry out 18 to 55 projects a year. Using the same assumption, the duration of the project done manually ranged from 5.56 to 16.67 weeks, whereas it was between 0.93 weeks to 2.78 weeks using the a-ELISA (Table 4) . Each test run in the automated method included 4e96 well microplates. The limitation is the platform space on the workstation. We also do not want to introduce variance factors due to time delay between the first plate and the last plate of the batch for various steps of the ELISA protocol. Running a set of four microplate each time, the time delay from the first to the 4th plate is calculated to be around 5 min for both sample transfer and washing step. This did not affect the overall working of the ELISA. For repeating three runs a day, additional Cytomat hotel stacker racks designed for deep well plates have been included, and also increase of platform space by incorporating more ALPs.
DISCUSSION
Automation of a commercial Johne's antibodies ELISA has been reported. 13 In our laboratory, developmental work and choice of test kit focused on four areas of concern. Firstly, commercial ELISA tests are developed with manual operation in mind. There was a concern that automation might present technical problems or affect the test performance characteristics. Yearly running of the NVSL proficiency test samples using the automated format has assured us that the results are accurate. Secondly, we prefer to fully automate our ELISAs. Because of the scheduling capabilities of the Biomek SAMI software, we are able to bring all of the required equipment into the same automated system. This allows all steps of the test to be run without the need of technologist intervention. Thirdly, we had concerns about the effects of background noise (i.e., baseline JD antibody amounts in the samples). We chose the IDEXX test because their calculation procedure includes negative control values, thus eliminating this problem. Lastly, The Beckman Coulter automation workstation is an open design. The addition of a robotic arm will allow us to expand our testing capabilities. This will give us the flexibility to expand our testing capacity as our workload increases.
In an epidemiological study, the probability of finding the true prevalence of a disease depends first on the quality of the specific test used. Specificity and sensitivity of the test are the analytical criteria used to evaluate the performance characteristics of the method used. Tests with high specificity are unlikely to produce false positive results whereas tests with high sensitivity will not provide false negative results. The quality of the laboratory results can be maintained by adopting ISO 17025 test validation standards, an important integral part of which requires proper proficiency testing. This stipulates that to evaluate our ELISA method we have to repeatedly compare our data to ''gold standard'' results. These comparative studies have to be administered by a reference laboratory such as USDA/NVSL (which can provide us with quality control sera). In its annual JD serologic check test, over a dozen of state, private, and provincial laboratories are involved. The repeatability and reproducibility of our test results are derived through comparison between NVSL and all laboratories results. Statistically, because a large number of facilities perform the tests, the cumulative ''sample size'' can be viewed as significant each year. This has provided more credibility to the proficiency testing result. Secondly, the validity of the test results is improved by the increase of numbers of samples that can be tested at a designated timeline, i.e., the bigger the portion of the population screened, in the shortest possible period of time, the more reliable and applicable is the research data. A reliable and accurate test that can be adapted to HTS procedures will achieve the highest productivity and ensure the success of a large-scale surveillance project.
Using a computer controlled, software driven robotic workstation (that can perform pipetting to and from 1 to 96 wells in one operation) combined with an ELISA miniaturized to run on a 96-well microplate provides the basis for the HTS assay. The a-ELISA does not sacrifice accuracy, precision, and ultimately the reliability. Rather, high-test performance characteristics are maintained and have enabled us to overcome throughput bottlenecks such as tedious manual processes, human mistakes, and furthermore have lowered the cost of the ELISA. The workstation operation deck could become a test bottleneck if the microplates are not stored properly in between different steps of the tests. The modular design of the Cytomat hotel (the holding area), linked by a conveyor belt to the workstation operation deck, and the use of the gripper on the 96-well head enables supply, storage, discard, and incubation manipulations of the microplates during different stages of the ELISA. The integration and control of the ELISA reader and microplate washer on the workstation deck allow seamless incorporation of the different steps throughout the whole procedure. The compact integrated footprint of computer-controlled workstation, ELISA reader, microplate washer, and the stacker/transfer unit enabled us to have custom-made a biosafety cabinet to contain the whole assay in one spot. The incorporation of a video camera can provide more monitoring of the a-ELISA. This measure was necessary for the success of this walk away protocol. It indirectly resulted in added safety for the analyst. Any accidental and harmful biological or chemical spills can be monitored off-site and appropriate measures planned before the technologist came in close contact with the pathogens or harmful chemicals. Safety, ease of operation, and monitoring has been achieved. The automated workstation system allowed us to fully automate the JD antibody ELISA. The software, SAMI, enabled the complete JD ELISA to be controlled by running one program. The procedure is graphically displaced on the monitor screen showing the scheduling steps in a user friendly and comprehensive manner. The performance characteristics of this a-ELISA were examined. When compared to the NVSL results, it has shown high kappa quotient value and identity score, with excellent test sensitivity and specificity values. The test is both repeatable and reproducible. The economic aspect of this test has revealed vast improvement of the automated test versus the manual method. Cost effectiveness, quality, and long-term benefit has made the decision to develop an automated system attractive, especially to a laboratory responsible for serving a jurisdiction that encompass a large animal population. We can now provide quality HTS for antibodies in JD cattle with higher productivity and manageable research costs.
